In a nano-ridge waveguide under oblique illumination, we demonstrated transmission enhancement resulting from a hybrid effect between propagation modes and surface plasmon wave. The measured near-field intensity with 44-degree illumination was 1.6 times higher than that illuminated with normal incident light. Consequently, a wedge-shaped fiber probe was proposed to serve as a compact near-field light source. 
Introduction
Achieving sub-wavelength optical resolution beyond the diffraction limit is of critical importance to many fields, such as optical storage and nanolithography. A practical solution is to confine light with a sub-wavelength aperture on metal film. Unfortunately, for a sub-wavelength aperture, low power transmission always accompanies the shrinkage of the aperture size which corresponds to spot size. To dissolve this theoretic constraint, some research addressed the transmission enhancement through sub-wavelength apertures as a result of surface plasmon resonance [1] [2] [3] [4] . An aperture array or a single hole surrounded by a periodic structure was fabricated on metal film to induce surface plasmon resonance in the dielectric-metal interface. Meanwhile, studies on transmission through a specifically-designed nano-waveguide have also been reported [5] [6] [7] [8] [9] [10] . Owing to the boundary conditions, incident light was coupled into propagation modes instead of evanescent waves and suffered from less energy dissipation along waveguides. Recently, more attentions have been paid to the mutual interaction between surface plasmon resonance and propagation modes [11] [12] [13] . We presented a hybrid effect in which surface plasmon waves and propagation modes coexist in a ridge waveguide surrounded by a corrugated structure [14] [15] [16] . To characterize the photon capturing capability of the waveguide, the transmission was represented by power throughput (PT). The power throughput is defined as the ratio of the transmitted power through a waveguide to the incident power on the aperture area in the absence of the waveguide. As a result, the power throughput of this novel design was able to be further enhanced over four orders of magnitude higher than a conventional aperture. However, the proposed design was difficult to fabricate. Therefore, in this paper, we present a simpler approach to enhance the transmission by illuminating a ridge waveguide on metal film with obliquely incident light. Both far-field and near-field measurement results proved the transmission enhancement under obliquely incident illumination. A wedge-shaped fiber probe demonstrated the hybrid effect and can be used as a novel near-field light source.
Modeling
In a smooth air-metal interface, surface plasmon waves cannot be excited by incident light because of the mismatch between the momentum of incident light and that of the surface plasmon wave. Either the attenuated total reflection (ATR) or a periodic structure in the dielectric-metal interface can induce the excitation [17] . By combining a ridge waveguide with a corrugated structure, we demonstrated a hybrid effect where both surface plasmon waves and propagation modes constructively contributed to the power throughput enhancement through the waveguide [15] . The hybrid effect implies that the surface plasmon wave would be able to contribute to an increase in the transmission of a ridge waveguide when the attenuated total reflection occurs in the dielectric-metal interface. The transmission of a ridge waveguide with obliquely incident illumination is schematically illustrated in Fig.  1(a) . A 200-nm silver film on a glass substrate was perforated with a C-aperture and illuminated by a transverse-magnetic (TM) plane wave, which can be presented by Ez, Ey and Hy, respectively. The complex refractive index of the silver film was assumed to be 0.135 + 3.988i and that of the glass substrate was 1.475 at a free-space wavelength of 633nm. The dimensions of the waveguide are shown in Fig. 1(b) . The Finite-Difference Time Domain method (FDTD) was employed to calculate the power throughput at a spacing of 50 nm from the exit plane of the waveguide and simulate the field distribution.
Our calculation showed that as the incident angle Φ impinging on the waveguide changed from 0 to 45 degree, the power throughput increased significantly and reached a peak of 3.5 at 44 degree, which is 2.3 times higher than that with normally incident light, as shown in Fig. 2 . In the case of refractive index of the dielectric substrate of 1.475, the critical angle of the total internal reflection in the air-dielectric interface is 42.7 degree. When the dielectric substrate was covered with a metal film, the reflection coefficient of a TM wave dropped suddenly to a minimum as the incident light impinged on the metal film at 44.5 degree, slightly above the critical angle. The dip in the reflectivity exhibited the excitation of surface plasmons in the interface. The coincidence between the incident angles of the minimum reflection coefficient and maximum power throughput indicated enhancement resulted from the surface plasmons excitation. The results further revealed the existence of the hybrid effect between the propagation modes along the waveguide and the surface plasmons waves on the metal surface. From Fig. 3(a) , the Ex field profile showed light propagating through the gap of the ridge waveguide along the z direction. The Ez field perpendicular to the metal surface yielded the surface plasmons wave along the surface on both sides, as shown in Fig. 3(b) . We found that the waveguide functioned as a channel so that surface plasmons wave could be excited at the exit of the waveguide. The corresponding wave vector k x which lies parallel to the surface could be described as The magnitude of Poynting vector |S| shown in Fig. 3(d) represented the energy flow in both ±x direction and +z direction. The calculation showed that the incident energy was coupled into surface plasmon waves along the surface of entrance plane, captured by the waveguide and then propagated through the waveguide. The surface plasmon wave contributed to the increase of energy capturing ability and the propagation modes reduced the energy loss when light propagated through the waveguide. The hybrid effect between surface plasmon waves and propagation modes significantly enhance the transmission through the nano-aperture.
To further study the coupling between the incident light and the surface plasmon waves, the spectral response of the power throughput with 44-degree illumination in visible light region was also calculated, as presented in Fig. 4 . The peak at the incident wavelength of 633 nm in the spectrum exhibits the surface plasmons excitation at a specific resonant wavelength.
The maximum power throughput indicates the energy transfer from the incident light to the surface plasmon waves. Then the surface plasmon wave constructively coupled with the propagation modes of the waveguide. The interaction between surface plasmon waves and propagation modes further increased the power delivered through the waveguide. The calculated electric intensity distribution inside the waveguide confirmed the existence of the propagation mode along the waveguide. Figs. 5(a), (b) , and (c) represent the electric intensity distribution at a position of 1/4, 1/2, and 3/4 of the waveguide length from the entrance side. The mode field distribution remained when the light propagated along the waveguide. Moreover, the electric field was confined to the gap area and also penetrated into the ridge. Therefore, the gap and the ridge dimensions determined the supported propagation mode and the transmission through the waveguide. The propagation mode also contributed to the transmitted power propagation out of the waveguide. The calculation of the power throughput as a function of the distance from the waveguide in Fig. 5(d) showed the power throughput can keep over 1 within a spacing of 300 nm, which is larger than a conventional aperture, which is usually lower than 10 -3 for a 60-nm square aperture. The power throughput of a ridge waveguide under oblique illumination is only half of that surrounded by a corrugated structure with normally incident illumination. The mechanism was investigated by observing the power throughput illuminated with 44-degree incident light but with waveguide dimensions shrunk or enlarged. We defined the scale factor as the ratio of the modified dimension of the C-aperture to the original one, which is shown in Fig. 1(b) . Then the power throughput as a function of the scale factor was obtained, as plotted in Fig. 6 . The simulation results clearly showed the power throughput reached a peak of 4.8 as the dimensions shrank by a factor of 0.83 but dropped to 1.8 as the dimensions scaled up by 1.25. Compared to the original design which was optimized for normal incident illumination, the dimensionally scaling-down design further increased the power throughput by a factor of 1.42. According to waveguide theory, the dimensions of the ridge waveguide determine the propagation modes through the waveguide. In addition, the incident angle also dominates the coupling efficiency between the incident light and the propagation modes in the ridge waveguide. Consequently, in the original design, the enhancement from the surface plasmon waves was offset by a reduction in the coupling efficiency due to oblique illumination. In contrast, dimensionally scaling-down altered the supported modes within the waveguide and thus the power throughput increased until the incident wavelength fulfilled the cut-off condition. 
Experimental Results
To demonstrate the enhancement caused by the hybrid effect, we measured far-field power throughput and near-field optical intensity distribution of a ridge waveguide with normally and 44-degree incident illumination. In our experiment, a silver film with a thickness of 200 nm was coated with a glass substrate with a refractive index of 1.475 and perforated with a C-aperture, as shown in Fig. 7 , by focused ion beam milling. A linearly polarized laser beam was focused on the aperture with a specific incident angle. The incident wave had a Gaussian distribution. However, the focused beam was assumed to have a planar wave front with equal amplitude on the effective area around the aperture because the focused spot was much larger than the dimensions of the aperture. In addition, the ratio of the measured transmitted power to the total incident power represented the overall power transmission. To coincide with the power throughput used in the simulation, the central peak value of the Gaussian beam was assumed to be the field amplitude at the aperture. The transmitted power was measured and then the calculated power throughput was compared to the simulation results accordingly. Furthermore, the near-field distribution measurement was performed by a near-field scanning optical microscope (NSOM), of which the spatial resolution was around 50 nm. The measured far-field power throughput illuminated with normal incident light was 0.25 while that with 44-degree incident illumination was 0.33, which yielded an enhancement factor of 1.3. The hybrid effect reduced the energy decay from the exit of the waveguide and thus made the far-field power throughput detectable. The near-field distribution measurement also confirmed the enhancement. Figs. 8(a) and (b) showed the near-field distribution with normally and 44-degree incident illumination. From the measurement results, the spot sizes were estimated around 0.2~0.3 μ m. Due to finite spatial resolution of NSOM of around 50 nm in this case, the measured spot size was larger than the simulated one, which was 0.2 μ m. Moreover, since the measurement was made under the same setting-up condition, the signal amplitude represented the relative optical intensity emitted from the waveguide. By comparing the signal voltage of 1.1V in the normal-incidence model to that of 1.8V model under 40-degree incidence, the near-field enhancement factor can be as high as 1.6.
To examine the consistency of the experimental results with simulation, the power throughput and intensity distribution at 50 nm from the nano-waveguide with the dimensions of Fig. 7 were calculated with normally and 44-degree incident illumination. The simulation results are shown in Fig. 9 . The output spot of the aperture with 44-degree incident illumination had a smaller size with higher peak intensity than that illuminated with normally incident light. The calculated power throughput enhancement as a result of the hybrid effect was 2.2. Moreover, the calculated Ex and Ez field profile under 44-degree illumination also showed the hybrid effect in Fig. 10 , even though the dimensions of the fabricated waveguide were larger than the optimal design. The incident light propagated through the waveguide with the aid of the surface plasmon waves in the dielectric-metal interface. Therefore, although the measured enhancement was not as high as the simulated one of 2.3, the results demonstrated that the surface plasmon waves induced by oblique illumination contributed to the enhancement of the transmitted power propagated through the ridge waveguide. According to the hybrid effect demonstrated, a wedge-shaped fiber probe with a 45-degree wedge angle was fabricated, as shown in Fig. 11 (a) . The wedge was made by diamond sawing at a controlled angle and covered with a sputtered silver film. The far-field transmission measurement setup is illustrated in Fig. 11 (b) . A 1x2 coupler provided a reference port which was used to calculate the incident power on the aperture in the presence of a metal film covering the end face of the fiber probe port. The measured transmission efficiency, defined as the ratio of far-field output power through an aperture on a silver film on the end face of fiber probe to the incident power on the aperture, can reach 0.017. For conventional fiber probes, the transmission usually ranges from 10 -3 to 10 -5
. Our wedge-shaped fiber probe can enhance the transmission at least ten times higher than that of conventional probes and be used as a compact near-field light source for many applications. 
Conclusions
The transmission enhancement from the hybrid effect between the propagation modes and the surface plasmon waves was demonstrated and further confirmed by introducing attenuated total reflection with oblique illumination in a metal-dielectric interface. An enhancement factor of 1.6 in the near-field model and that of 1.3 in the far-field case with oblique illumination started an alternative approach to overcome the theoretic barrier that limits power transmission. Our proposed novel wedge-shaped fiber probe opens a new avenue to high-transmission near-field light sources.
